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INTRODUCTION 
In previous years, we have presented several results on viscosity measurements 
using conventional and laser ultrasound techniques [1,2,3]. These results are based on 
experiments conducted at room temperature. The principle[1], in essence, is to launch 
ultrasonic shear waves at the interface of a solid and a viscous fluid. The amplitude and 
phase of the reflected waves were correlated to the viscosity of the fluid. 
In this paper, we have explored the utility of this technique in measuring the 
viscosity of molten materials at very high temperatures. The potential application of this 
technology is to simultaneously measure the viscosity and temperature of glass-like molten 
material as it is being poured out of a me Iter. Therefore, our efforts have concentrated on 
measuring the viscosity of glass under similar conditions. In the following paragraphs, we 
will describe the sensor and present some results based on pre-calibrated glass samples, 
obtained from industries. 
PROBLEM STATEMENT 
Ultrasonic shear waves are affected by the viscosity of the fluid [1]. At a solid-fluid 
interface, the amount of ultrasonic shear wave energy reflected back into the solid depends 
on the operating frequency, properties of the fluid (viscosity and density) and the solid 
(density, shear modulus). The effects of each of these on the complex reflection coefficient 
have been discussed in a previous paper [1]. 
The earlier experiments were carried out by delay lines of Plexiglas, graphite and 
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aluminum. These materials have low acoustic shear impedance. They are readily available 
and easy to machine. However, they are not suitable for the present application that requires 
viscosity measurements at high temperatures in an oxidizing environment. 
We have used conventional off-the-shelf piezoelectric transducers to launch and 
detect shear waves These transducers have significant advantages over other means of 
generating and detecting ultrasound. They are sensitive, reliable and inexpensive. The 
instrumentation required for these transducers is simple and inexpensive. However, these 
transducers cannot function at elevated temperatures and therefore a cooled delay line 
conduit is required to convey the shear waves from the transducers to the melt and back. 
Cooling the delay line leads to simultaneous temperature, velocity and attenuation 
gradients, which are difficult to characterize. Hence, there is a need to design a sensor and 
calibration system that can measure the reflections of an incident shear wave at the 
interface with molten glass at a very high temperature, while the delay line is being 
subjected to a steep thermal gradient. 
EXPER~ENTALSETUP 
We employed an acoustical delay line made of alumina in the experiments. The 
experimental setup is illustrated in Figure 1. This delay line was manufactured by Coors 
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Figure 1 A schematic representation of the experimental verification of the probe. 
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Figure 2 Oven temperature .vs. otA• Figure 3 Temperature. vs. reflection coefficient. 
Ceramics Co. from dense AD-94 material. A Y -cut ultrasonic shear transducer 
(Krautkramer Branson) was bonded to one end of the delay line. The other end was 
"wetted" by the molten glass. Near the wetted probing surface, a notch was introduced to 
provide a reference signal. The end of the delay line bonded with the transducer, was 
externally cooled using a chilling coil and water lines. The flow rate in the chilling coil was 
maintained constant in all experiments to retain consistency. Small variations in the coolant 
flow rates did not have a measurable change on the reflected ultrasound signals. Shear 
waves were generated and received by piezoelectric transducers using a pulser/receiver 
(Panametrics PR-SOS2). The two faces (transducer contact surface, and the delay line-liquid 
surface) and the reference notch were machined parallel. 
CALIBRATION OF THE PROBE 
In the calibration process, the sensor was calibrated for temperature and viscosity. A 
typical calibration method consisted of the following; 
In the first step, a temperature calibration was done in a high temperature electrical 
induction oven. One end of the delay line was in contact with air (which is assumed to have 
zero viscosity for practical purposes) inside the oven. The ambient temperature inside the 
oven was measured using a resistance type thermocouple (RTD). The oven temperature 
was slowly increased from room temperature to 1200° Celsius and the arrival times of the 
reflected shear wave from the reference notch and the probing surfaces were measured. The 
time difference (ot), between the arrival of the echoes from the probe interface and the 
reference notch, is plotted as a function of the oven air temperature (fig. 2). This time 
difference reflects the influence of temperature on the shear modulus, Poisson's ratio, 
density and length of the buffer rod material that is between the reference notch and the 
probing surface. The plot in fig. 2 provides the temperature calibration assuming that the 
air in the oven, the notch and the probe interface are all at steady state. The peak-to-peak 
amplitudes of the reflected echoes from the notch (NA) and the probe interface (P A) in 
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Figure 4 Calibrated Glass Viscosity versus 
Reflection Coefficient. 
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Figure 5 Temperature measured by RTD 
thermocouple versus temperature from ot. 
contact with air were recorded as functions of the oven temperature. Three curves 
representing the variations of the time difference (ot), and the amplitudes of the reflected 
echoes from the notch (N A) and the probe interface (P A) as functions of oven temperature 
represent the first set of calibration 
curves. 
This set depends on the material property and the geometry of the buffer rod, at a 
particular operating frequency. The calibration curves remained unchanged for a specific 
material (Alumina in this case) and for a particular geometry (length, diameter, notch 
location, and notch depth). Thus, for a given buffer rod type and geometry, the calibration 
depends only on the operating frequency and requires to be carried out only once for a 
particular configuration. 
In the second step, the delay line was calibrated for viscosity. This was 
accomplished by repeating the above experiments with the probe interface in contact with a 
calibrated glass (fig. 3). The peak-to-peak amplitudes of the reflected echoes from the 
probe surface (Pc) and the notch (Ne) were measured along with the time difference(ote). 
Calibration reflection coefficient (Re) is the ratio [PcCote)' NA (ote)) / [NcCotc). PA(otc)), 
where P A(Ote) and NA(0tc) are obtained from the first set of calibration curves. The relation 
between glass viscosity and temperature for the calibrated glass was obtained from the 
manufacturer. This relation was used along with the temperature calibration curve(fig. 2) 
and the reflection coefficient curve (fig. 3) to obtain a relation between the calibration 
reflection coefficient (Re) and viscositY(11) (fig. 4). Thus, from the reflection coefficient and 
the time difference, we can measure the viscosity of glass samples. 
ALGORITHM FOR UNKNOWN SAMPLE MEASUREMENT 
In a typical experiment on a sample with unknown viscosity, the buffer rod sensor 
measures the time difference (otM) and, reflection amplitudes from the notch (NM) and the 
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contact surface (PM)' Time difference is related to the temperature of the fluid using the first 
set of calibration curves and the reflection coefficient is then related to the viscosity of the 
melt using both the calibration curve sets. The measured reflection coefficient (RM) is 
[PM(otM). NA (otM)] I [NM(otM). P A(otM)], where P A(otM) and NA(otM) are obtained from the 
calibration data set at (otM). 
RESULTS AND DISCUSSION 
The experimental data shown in fig. 2-4 is for FERRO IP745, a glass for which the 
viscosity-temperature relation was provided by the manufacturer. Repeatable reflection 
coefficient versus temperature plots were obtained in three consecutive heating/cooling 
cycles. 
Fig. 4 plots the reflection coefficient versus viscosity curve. The curve shows data 
in the region from 315 Poise (1.610g(Pa.s» to 10000 Poise (2.7510g(Pa.s». Measurements 
above a viscosity of -10000 Poise were not possible for FERRO IP745. The region close to 
10000 Poise is the glass phase transition region. The exact mechanism of physical changes 
in the glass and its relationship to the ultrasonic shear wave reflection coefficient is not 
known at this time. However, it is believed that the apparent loss may be due to the 
incomplete wetting of the contact surface during transition. The abrupt change in the 
reflection factor is observed to occur in a small temperature range for various glasses 
tested. It occurs between 8500 C and 8750 C for IP745. It could represent a key phase 
transition point during the softening of glass. 
Due to crucible failures data beyond 1180° C for this glass is not available. The 
failures were because of the thermal stress cracks due to differential expansion of the 
alumina crucible and the alumina buffer rod. According to the theory [1], the reflection 
coefficient should be - 1.0 for low viscosities (.01 Poise). There is still a regime from a 
reflection coefficient of 0.7 to 1.0 that needs to be investigated. 
Fig. 5 shows the temperature measured using Time-of-Flight (TOF) data from the 
received ultrasonic signals versus the RTD measured temperature. The symbols indicate 
three different sets of data taken on different days. We were able to correlate temperature 
within 15 degrees between RTD and TOF measurements. 
CONCLUSIONS 
We have developed an on-line sensor to measure the viscosity and temperature of 
molten glass at very high temperatures (up to 1200 degrees Celsius). As the results show, 
the experiments with the sensor are repeatable. The sensor is sensitive in a broad range of 
viscosities (350 - 10000 Poise). It is believed that this sensor can measure lower viscosities. 
Temperature measurements with the sensor correlated very well with RTD measurements. 
In carrying out these experiments, we also realize that this device could be useful in 
studying various molten material characteristics during the formation stage including glass 
transition points. 
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